Abstract-We experimentally demonstrate a novel approach of using coupling between a leaky mode resonance and intersubband transitions in semiconductor quantum wells to realize a hybrid dielectric-semiconductor metasurface with high second-harmonic conversion efficiency and increased bandwidth.
I. INTRODUCTION
Metasurfaces, the 2D equivalent of metamaterials, are proving to be one of the most promising candidates for designing ultrathin nonlinear optical devices [1] [2] [3] . The two most popular approaches for designing metasurfaces with high second harmonic conversion efficiency are based on either using plasmonic resonators coupled to intersubband transitions (ISTs) in semiconductor quantum wells (QWs) or using Mieresonances in all-dielectric resonators fabricated from nonlinear optical materials. While the IST approach can produce metasurfaces with record high second harmonic generation (SHG) efficiency because of the high resonant nonlinearity created by the ISTs [2, 3] , the second alldielectric approach results in nonlinear metasurfaces with negligible loss, higher damage thresholds, finer mode control, and better compatibility with existing semiconductor fabrication methods. The ability to realize nonlinear optical metasurfaces by combining these two approaches has never been demonstrated and such a hybrid approach will create exciting new opportunities. In this work, we combine for the first time both the approaches and realize a hybrid dielectricsemiconductor metasurface with high SHG efficiency. Our approach couples a leaky mode resonance in an all-dielectric metasurface to ISTs in QWs for high-efficiency SHG, leading to SH conversion factors as high as 0.6 mW/W 2 and with an increased bandwidth.
II. WORKING PRINCIPLE OF THE NONLINEAR METASURFACE
Dielectric gratings with ridges matched to an identical material underneath can support leaky-mode-resonances with Fano features and very high quality (Q) factors. In this work, we employ this idea to create our nonlinear metasurface ( Fig.1(a) ).
Our device consists of n-doped In 0.53 Ga 0.47 As/Al 0.52 In 0.48 As multi-QW structure that is designed to have electronic ISTs at both the fundamental (~10 μm) and second harmonic (~5 μm) frequencies. A layer of germanium is deposited by thermal evaporation on top of the QW structure and gratings are fabricated on top of it using ebeam-lithography and dry etching. The grating geometrical parameters are optimized such that incident light at the fundamental frequency (FF) with E field polarization perpendicular to the grating gets diffracted and excites a propagating leaky mode similar to a TM 0 guided mode in the germanium waveguide ( Fig. 1(b,c) ). The evanescent field of the leaky mode excites the IST in the QWs underneath leading to generation of a strong SH optical signal. The resonant hybrid structure also supports leaky mode resonances at the second harmonic thus allowing out-coupling of the SH signal. The excitation of the leaky mode is dictated by the dispersion relation and momentum conservation given by |k x + G p |= β x , where β x is the propagation constant of the leaky mode, k x is transverse incident wavenumber given by (ω/c) sinϴ (ϴ is the angle of incidence), and G p = 2πm/p (m is an integer and p is the period of the grating).
III. NUMERICAL SIMULATIONS AND EXPERIMENTAL RESULTS
In our hybrid metasurface, the grating geometry can be leveraged to tune SHG peaks over a large range of pump wavelengths and incident-angle ranges, even far from the IST resonance without reducing SHG conversion efficiency and changing MQWs. Fig. 2(a, b) show simulation results of SHG conversion efficiency in reflection from the metasurface as a function of pump wavelength for the two cases of varying period at normal incidence and varying incident angle for fixed p = 3250 nm. Increasing period (incident angle) red (blue) shifts the maximum of SHG. As the angle of incidence is increased, the SH feature becomes spectrally narrower and larger SHG maxima are observed. This is because, far from the IST resonance at 10 μm, the leaky mode resonance of the metasurface shows smaller absorption rate and a larger Q factor, therefore it induces a larger field-enhancement in the QW. Fig. 2 (c) shows the experimentally measured reflected SH signal for metasurfaces with p = 3150 nm, 3250 nm, and 3350 nm. As expected, a clear redshift of the maximum efficiency with comparable SHG efficiency is observed. The measured conversion efficiency (ISH/IFF) for a peak input intensity of 10 kW/cm 2 and for p = 3250 nm is 3×10 -5 . Fig.  2(d) shows experimentally measured reflected SH signal for a metasurface with p = 3250 nm at 25° incidence angle. In agreement with simulations, we clearly see an enhanced SH feature at 8.5 μm which is spectrally narrower compared to cases of normal incidence. In Fig. 2(e, f) , we plot the experimentally measured reflected SH power as a function of the square of the incident pump power for the metasurfaces with p = 3250 nm and 3150 at normal incidence (Fig. 2(e) ), and for p = 3250 nm at 25° incidence (Fig. 2(f) ). Finally, the SH nonlinear conversion factors determined from the slopes of the curves are given in the Figs. 2(e, f) and are as large as 0.6 mW/W 2 .
In conclusion, we have demonstrated for the first time a hybrid dielectric-semiconductor metasurface with high efficiency SHG using ISTs in QWs. Our approach is monolithically integrable, easy to fabricate, scalable to other wavelengths, and can be also used for other nonlinear processes such as sum/difference frequency generation. It therefore creates the possibility for numerous on-chip applications ranging from creating new light sources, sensing to optical gating.
